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A heavy hole confined to an InGaAs quantum dot promises the union of a stable spin and optical
coherence to form a near perfect, high-bandwidth spin-photon interface. Despite theoretical predic-
tions and encouraging preliminary measurements, the dynamic processes determining the coherence
of the hole spin are yet to be understood. Here, we establish the regimes that allow for a highly
coherent hole spin in these systems, recovering a crossover from hyperfine to electrical-noise domi-
nated decoherence with a few-Tesla external magnetic field. Dynamic decoupling allows us to reach
the longest ground-state coherence time, T2, of 4.4µs, observed in this system. The improvement of
coherence we measure is quantitatively supported by an independent analysis of the local electrical
environment.
Self-assembled indium gallium arsenide (InGaAs)
quantum dots (QDs) provide an excellent test bed for
tackling the implementation challenges of distributed
quantum information processing [1, 2]. They can be
charged deterministically [3] and both electrons and holes
can serve as optically active qubits. The outstanding
photonic properties [4] in combination with ultrafast spin
control [5, 6] and efficient state transfer through spin-
photon entanglement [7–9] have recently allowed for the
generation of spin-spin entanglement [10, 11]. The first
key figure of merit of such a system is the inhomoge-
neous dephasing time T ∗2 relative to the longest opera-
tion time, which, in the case of QDs, is the spin-photon
state transfer characterized by the optical lifetime Γ−1.
The second figure of merit is the spin coherence time T2,
which determines for how long the entanglement can be
preserved. For the electron spin, T ∗2 of a few ns (compa-
rable to Γ−1, ≈ 0.7 ns) and T2 of a few µs [12, 13] are pre-
dominantly limited by the size and dispersion of the QD
nuclear spin ensemble, respectively. For the hole spin,
the dominant contact interaction term is suppressed due
to hole’s p-like symmetry, offering an order of magnitude
weaker hyperfine interaction [14, 15]. Additionally, given
the predominantly heavy-hole character of the ground
state, the hyperfine interaction is primarily concentrated
along the growth axis and can be suppressed by a trans-
verse external magnetic field [14].
The coherence of the hole spin has been observed
in a number of experiments: Studies using coherent
population trapping (CPT) have suggested a promising
T ∗2 ≥ 100 ns [16, 17], whereas direct measurements of
the free induction decay through Ramsey interference
[6, 18, 19] and spin-flip Raman scattering [20] could only
reach T ∗2 of up to 26 ns. While nuclear-spin noise and
electrical charge fluctuations have both been suggested
as the dominating source of decoherence for the hole spin
[6, 16, 17, 19], the understanding of the mechanism gov-
erning the coherence and, more importantly, how well
it can be protected remains unclear. In this Letter, we
study the performance of a single hole spin in an In-
GaAs QD experiencing a dynamic nuclear and electric
environment. The dependence of T ∗2 and T2 on the ex-
ternal magnetic field reveals significant coupling to the
nuclear spin ensemble at low fields and to electrical noise
at high fields. Our results indicate that strain-induced
mixing with the light-hole states enables hyperfine inter-
actions that bound the coherence time for external mag-
netic fields up to a few Tesla. At higher fields we prolong
the hole spin coherence by employing a dynamic decou-
pling sequence with an increase of coherence time solely
determined by the underlying electrical noise spectrum.
The self-assembled InGaAs QDs are embedded in a
n-type Schottky diode heterostructure [21], which is
cooled to 4.2 K. We drive the neutral exciton transi-
tion resonantly around 970 nm under a constant DC
bias such that the electron tunnels out nearly instan-
taneously, leaving behind a hole with a charge lifetime
exceeding 45µs. The external magnetic field Bext per-
pendicular to the growth axis lifts the degeneracy of the
ground and excited states with a ground-state splitting
of ≈ 2.3 GHzT−1. The spin state is initialized and read
out by driving one of the four transitions of the positively
charged trion around 971 nm and coherently manipulated
using far red-detuned picosecond laser pulses [6].
In order to assess the quality of the hole-based spin-
photon interface we first study the inhomogeneous de-
phasing time T ∗2 . In Fig. 1 (a-c) we present the decay
envelope of the Ramsey-interference visibility [5] mea-
sured at three different external magnetic fields. The
inhomogeneous dephasing times extracted from fits to
the data are presented in Fig. 1 (d) for the full range of
1 T ≤ Bext ≤ 8 T. These dephasing times are an order
of magnitude larger than the ones observed for electrons
[12, 13], with T ∗2 peaking at 70.6± 8.7 ns for Bext = 4 T.
In the high field regime (Bext > 4 T) we observe a decay
of T ∗2 , which is proportional to 1/Bext, indicated by the
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FIG. 1. Measurement of magnetic field dependent inhomoge-
neous dephasing time, T ∗2 . (a)-(c) Visibility of Ramsey fringes
measured at external magnetic fields Bext of 2 T (orange), 4 T
(purple), 6.5 T (light blue). Error bars represent ± 1 standard
deviation. Solid curves are fits to the data to extract T ∗2 . (d)
Summary of magnetic field dependent measurement of T ∗2 ,
data points from panels (a)-(c) are presented in the corre-
sponding color and error bars represent ± 1 standard devia-
tion. Grey dotted curve shows decay ∝ 1/Bext for Bext > 4T .
grey dotted curve in Fig. 1 (d). The behavior is a clear
evidence of electrical noise induced inhomogeneous de-
phasing as suggested by Houel et al. [16]: The local elec-
tric field F influences the exact position of the hole wave
function within the QD. This in turn determines the in-
plane hole g factor 2√
3
βgh [22], where β is the light-hole
component of a predominantly heavy-hole state. Con-
sequently, electrical noise δF in the sample affects the
ground-state Zeeman splitting following a linear mag-
netic field dependence δEelecZ =
(
2√
3
∂(βgh)
∂F
)
δFµBBext,
leading to T ∗2 ∝ 1/(δFBext).
We find that in the low field regime T ∗2 displays a lin-
ear dependence on magnetic field. This evolution of the
coherence was predicted to occur for heavy holes with
negligible light-hole admixture [14, 23] as a result of the
hyperfine coupling to the nuclear spin ensemble. The
nuclear spin fluctuations δBnuc affect the ground-state
splitting by δEnucZ according to:
δEnucZ ≈ µBghδBnucx +
µBgh
2βBext
(δBnucz )
2. (1)
Here, δBnucx and δB
nuc
z are the effective fields arising from
nuclear spin fluctuations along the external magnetic
field and the growth axis, which affect the ground-state
splitting to first and second order, respectively. For
this QD, we estimate that δBnucz ≈ 0.8 mT from the
dephasing of the electron spin [21]. We infer a light-hole
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FIG. 2. Hahn-echo measurement for different values of Bext.
(a) Visibility of the Hahn-echo signal for Bext of 1 T (orange),
3 T (purple), 5 T (light blue) and 8 T (green). Error bars
represent ± 1 standard deviation. Solid curves are fits to
extract T2, for Bext = 1 T the solid curve only serves as guide
to the eye. The inset shows the full behavior of T2 with respect
to Bext, values are extracted from the fits for Bext > 2 T and
error bars represent ± 1 standard deviation. For Bext ≤ 2 T
we show the time where the visibility falls below 1/e for the
first time. (b,c) Zoom in for the 1- and 2-T data, revealing a
sharp drop and revival of coherence within the first 300 ns.
component of β ≈ 0.08 from the Zeeman splitting,
leading to δBnucx ≈ 0.07 mT. These values are consistent
with estimates inferred from hole depolarization [24, 25].
The linear increase of T ∗2 with Bext should be observed if
the second-order term dominates, i.e.
δBnucz
2β2Bext
 1. For
the QD studied here, our estimates indicate that we are
not in this regime if we assume an unperturbed nuclear
spin ensemble and the linear increase of dephasing
time could arise from back-action on the nuclei. The
hole-spin T ∗2 values we extract indicate a spin-photon
interface superior to the electron over a large range of
external magnetic fields. By comparing the dephasing
time to the optical recombination time Γ−1 ≈ 0.7 ns,
the electron T ∗2 of 2.2 ns measured in the same QD [21]
bounds the fidelity of an entangled spin-photon state to
92%. In contrast, the ground-state dephasing of the hole
only leads to a loss of < 0.1% fidelity for all values of
Bext shown here, an improvement of almost 2 orders of
magnitude.
We study the extent to which the quantum state
of a hole spin can be preserved through decoupling
techniques, namely the coherence time T2. Adding a
refocusing pulse in the center of the Ramsey sequence
implements a Hahn-echo measurement [26], which
suppresses the effect of correlated noise on the system.
The results are presented in Fig. 2 (a), where we
show four example measurements at different mag-
3100 101 102 103 104 105 106
 ( s)
0.01
0.02
0.03
0.04
0.05
0.06
au
to
co
rre
la
tio
n 
fu
nc
tio
n
(a)
100 101 102 103 104 105 106
 ( s)
0.00
0.01
Re
sid
ua
ls
(b)
t
I(t
)
FIG. 3. Normalized autocorrelation function of the neutral
exciton intensity fluctuations. (a) Extracted autocorrelation
function of intensity fluctuations measured on the neutral ex-
citon transition (solid blue circles). The red curve represents
a fit to the data containing 4 exponential functions as well
as a 1/τ1−λ component. The orange curve represents only
the contribution of the exponential functions. The inset is
an illustration of how electrical noise leads to intensity fluc-
tuations, responsible for the bunching of the autocorrelation
function. (b) Residuals of the two curves presented in (a),
highlighting the strong deviation of the orange curve from
the data for τ < 1 ms.
netic fields together with the corresponding fits of
V (τ) = V0 exp[−(τ/T2)1.56] [27]. The magnetic field
dependence of T2 is shown in the inset. For fields ≥ 3 T
we observe a decrease of the coherence time with in-
creasing external magnetic field T2(Bext) ∝ 1/B0.99±0.03ext
which can be understood, similarly to the case of
T ∗2 , by considering the increase in coupling to electric
noise. While the loss of coherence at higher fields is
approximated by a single decay, we observe structure in
the Hahn-echo visibility for low external magnetic fields.
Panels (b) and (c) of Fig. 2 show the initial 280 ns for
the two lowest measured values of Bext. In both cases
the data show a sharp decay and revival of visibility.
This behavior has also been observed for the electron
and is due to interactions with the precessing nuclei
[12, 13]. Specifically, the first-order coupling leads to
spectral features at nuclear Zeeman-splitting frequencies
which result in modulation of the echo signal at short
delays and low fields [21]. Even though the pseudospin
studied here has a strong heavy-hole character, the
effect of nuclear fluctuations along the external field still
clearly dominates the hole dynamics.
Electrical noise also leads to shifts of the QD optical
frequency via the Stark effect, detuning it from the
resonant laser drive, with the effect of changing the
intensity of scattered light, I(t), over time. Calculating
the Fourier transform [28] or equivalently the normalised
autocorrelation function
(
〈I (τ) I (0)〉 / 〈I〉2 − 1
)
[29] of
this signal allows us to directly access the properties of
electrical noise in the environment of the QD. Figure 3
(a) presents the autocorrelation of resonantly scattered
light from the neutral exciton transition of the QD
studied in this work. The main features in the auto-
correlation data are attributed to two-level fluctuators,
which result in exponential decays of different time
scales (orange curve). Those noise sources contribute
significantly to the hole T ∗2 , but are suppressed effi-
ciently using the Hahn-echo technique, due to their
slow switching time (& 1 ms). Additionally, the data
reveal a 1/τ -like component (included in the red curve),
particularly apparent at small values of τ [Fig. 3(b)].
This can be related to a 1/fλ noise spectrum which
results in an autocorrelation function of the form 1/τ1−λ
for λ < 1 [30]. Fitting the data with the combination of
exponential decays and a 1/τ1−λ function, we extract
λ = 0.56 ± 0.01. The high-frequency tail of this noise,
for which the exact origin remains unclear [16, 28, 31],
limits the efficacy of Hahn echo, and thus the coherence
of the hole spin. Scaling the coupling of the 1/fλ
component to fit the Hahn-echo decay, we can infer the
contribution of the low-frequency noise to the ensemble
dephasing time, T ∗2 [21]. For example at an external
field of Bext = 6.5 T, we find that the autocorrelation
data predict T ∗2 = 55 ns, is consistent with our measured
value of T ∗2 = 53.8 ± 3.4 ns. In fact, knowledge of the
electrical noise and its coupling enables us to capture
the high-field coherent dynamics of the hole spin in its
entirety.
We can protect the hole actively against high-
frequency electrical noise and explore the limit to hole
spin coherence by implementing a dynamic decoupling
scheme. The data in Fig. 2 indicate that the electrical
noise dominates in the regime of Bext ≥ 3 T and we
thus choose to work at Bext = 5 T. The sequence we
implement is based on the first proposal by Carr and
Purcell (CP) [32], shown in the inset of Fig. 4 (a), where
multiple refocusing pulses are concatenated. Figure
4 (a) shows the visibility decay for different number
of refocusing pulses Npi = 1, 3, 5, 7. As an extension
of the simple Hahn echo sequence this decay is also
described by V (τ) = V0 exp[−(τ/T2)α]. In order to
determine the value of α we follow the approach of J.
Medford et al. [33] and extract α = 1.56 ± 0.01 from
the scaling of coherence with Npi [21]. As expected, we
do observe a pick up of TDD2 with increasing number
of refocusing pulses (see Fig. 4 (b)), which is described
by TDD2 (Npi) = T2(Npi)
γ with γ = 0.36 ± 0.02. We
successfully decouple the hole from the electrical noise,
preserve the coherence and reach dephasing times higher
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FIG. 4. Dynamic decoupling of the hole spin. (a) Visibility for dynamic decoupling at Bext = 5 T as a function of the number
of pi pulses, where Npi is 1 (orange), 3 (purple), 5 (light blue) and 7 (green). The inset shows a schematic of the employed
pulse sequence. Solid curves represent fits to the data to extract the coherence time and error bars are given by ± 1 standard
deviation. (b) Scaling of the coherence time with the number of pi pulses, data presented in (a) shown in matching color. Grey
curve presents a fit of T 02 (Npi)
γ to the data, extracted scaling γ = 0.36± 0.02. Error bars represent ± 1 standard deviation.
than for electrons, in this work TDD2 = 4.40 ± 0.43µs
for Npi = 10. The main limitation for applications is the
fidelity of the refocusing pulses. We employ composite
pulses to achieve higher spin rotation fidelities [34], but
ultimately the visibility decreases with increasing Npi
[21]. Extracting the scaling with Npi also allows us to
check that we are efficently decoupling the system from
the underlying noise source. In the case of 1/f noise the
scaling is directly linked to the exponent of the noise
spectrum through λ = γ/ (1− γ) [33]. Therefore, we
extract λ = 0.56 which agrees with the value extracted
from the autocorrelation function of the electrical noise
in Fig. 3, showing that we decouple our system.
In this work we have observed how a hole spin
interacts with a dynamic solid-state environment. We
reveal a crossover between low- and high-field regimes in
both the T ∗2 and the T2. We report the longest coherence
times for a freely evolving (T ∗2 ) and protected
(
TDD2
)
hole spin in direct transient measurements. Surprisingly,
given the weak hyperfine coupling of the heavy hole
and the relatively small light-hole hybridization of the
studied QD, we find that the nuclear environment still
dictates the coherence time up to fields of a few Tesla.
The linear low-field dependence we observe in T ∗2 , while
appearing to follow a second-order coupling to nuclei,
results in deviations from previously measured values
for the hole-hyperfine coupling constant. At high fields
we find that the coherence time of the spin is limited
by the electric field dependence of the g-factor. We
show that the underlying noise spectrum, ∼ 1/f0.6, sets
the scaling of the extension of coherence to N0pi .4. The
limiting noise source identified here is extrinsic to the
QD and an understanding of the exact origin of his 1/fλ
noise is key to further prolongation of the coherence time.
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